Modern society enables a shortening of sleep times, yet long-term consequences of extended wakefulness on the brain are largely unknown. Essential for optimal alertness, locus ceruleus neurons (LCns) are metabolically active neurons that fire at increased rates across sustained wakefulness. We hypothesized that wakefulness is a metabolic stressor to LCns and that, with extended wakefulness, adaptive mitochondrial metabolic responses fail and injury ensues. The nicotinamide adenine dinucleotide-dependent deacetylase sirtuin type 3 (SirT3) coordinates mitochondrial energy production and redox homeostasis. We find that brief wakefulness upregulates SirT3 and antioxidants in LCns, protecting metabolic homeostasis. Strikingly, mice lacking SirT3 lose the adaptive antioxidant response and incur oxidative injury in LCns across brief wakefulness. When wakefulness is extended for longer durations in wild-type mice, SirT3 protein declines in LCns, while oxidative stress and acetylation of mitochondrial proteins, including electron transport chain complex I proteins, increase. In parallel with metabolic dyshomeostasis, apoptosis is activated and LCns are lost. This work identifies mitochondrial stress in LCns upon wakefulness, highlights an essential role for SirT3 activation in maintaining metabolic homeostasis in LCns across wakefulness, and demonstrates that extended wakefulness results in reduced SirT3 activity and, ultimately, degeneration of LCns.
Introduction
Artificial lighting, longer work commuting times, night-shift work, and increasing availability of computers and televisions have all contributed to shortened sleep times (Centers for Disease Control and Prevention, 2012) . Sleep loss, however, impacts negatively on cognitive performance, including mood, attention, memory, and executive function (McCoy and Strecker, 2011) . Cognitive impairments are generally considered to be driven by sleep homeostatic influences, including adenosine (Blutstein and Haydon, 2013) , although metabolic changes in the brain also occur in response to sleep loss. Specifically, short-term sleep loss increases both antioxidant responses and electron transport chain (ETC) activity in some, but not all, brain regions (Nikonova et al., 2005 (Nikonova et al., , 2010 Ramanathan et al., 2010) , while extended sleep loss may reduce antioxidant activity and ATP production (Ramanathan et al., 2002) . Presently unanswered questions include the following: whether metabolic responses to short-and long-term sleep loss occur within neurons essential for alertness, varying with sleep loss duration; whether select neurons incur significant injury upon extended sleep loss; and what molecular mechanisms underlie metabolic responses to sleep loss.
Essential for optimal cognitive function, noradrenergic locus ceruleus neurons (LCns) are wake-active neurons that exhibit heightened sensitivity to metabolic stress (Murai et al., 1997; Zhu et al., 2007; Panossian et al., 2011) . With numerous collaterals, LCns project extensively throughout the cortices and maintain high levels of activity across wakefulness, while firing rates drop significantly in non-rapid eye movement (NREM) sleep and approach quiescence in REM sleep (Aston-Jones and Bloom, 1981) . LCns may, therefore, be vulnerable to the metabolic demands of extended wakefulness.
Sirtuin type 3 (SirT3) is a mammalian sirtuin that localizes to the inner mitochondrial membrane, coordinating energy production and redox responses (Bell and Guarente, 2011) . As a nicotinamide adenine dinucleotide (NAD ϩ )-dependent enzyme, SirT3 augments ETC complex I activity and ATP production through deacetylation of complex I proteins, when energy availability diminishes . Additionally SirT3 upregulates many antioxidant defenses, including the following: glutathione reduction via activation of isocitrate dehydrogenase 2 and glutathione dehydrogenase (Someya et al., 2010; Yu et al., 2012); FoxO3a activation with resultant upregulation of superoxide dismutase 2 (SOD2) and catalase (Jacobs et al., 2008) ; and band at 200 bp, and SirT3wt at 562 bp.
Surgery and behavioral state recording and analysis. Behavioral states were recorded to measure wakefulness across sleep loss and rested (Rest) conditions, and to characterize wakefulness and sleep/wake activity in one group of SirT3 Ϫ/Ϫ and SirT3wt mice (n ϭ 8/group). Following ketamine (80 -85 mg/kg) and xylazine (9 mg/kg) anesthesia, mice were implanted as previously described with silver electroencephalogram (EEG) and electromyogram (EMG) recording wires attached to an electrode connector (Veasey et al., 2000) . Mice were connected to a counterweighted recording cable 1 week postoperatively and confirmed to have full mobility within their cages, including rearing/climbing behaviors. Signals were amplified, digitized, and recorded as previously described (Veasey et al., 2004) . Raw EEG and EMG data were exported into the SleepSign sleep/wake program (version 3.0, Kissei) for analysis. Wakesleep states were scored in 4 s epochs. The wake state was identified by the presence of low-amplitude, high-frequency EEG (Ͼ10% waveforms of Ͼ12 Hz) and relatively high-amplitude EMG. NREM sleep (NREMS) was identified by the presence of EEG delta waves (0.5-4 Hz) comprising Ͼ30% of EEG waveforms/epoch, higher frequencies (13-30 Hz) comprising Ͻ10%, and a lower amplitude EMG. REMS was identified by the presence of theta (5-10 Hz) comprising Ͼ20% of EEG waveforms/epoch with a low EMG amplitude. Each 4 s epoch of automated scoring that was included in analyses of sleep deprivation or sleep/wake studies was visually checked with its corresponding EEG spectral data and rescored as necessary to fully optimize behavioral state accuracy.
Enriched environment sleep loss protocols. A previously validated, enriched, novel environment (Gompf et al., 2010) was used to promote spontaneous exploratory wakefulness. The short-term wakefulness (Sh Wake) period selected was 3 h during the lights-on period. With zeitgeber time 0 h (ZT0) referenced to the onset of the lights-on period, Sh Wake occurred at ZT8 -ZT11, while extended sleep loss (Ext Wake) consisted of 8 h of continuous wake time at ZT3-ZT11 with 16 h intervals in the home cages after the first and second days of 8 h wake time. Ambient lighting, temperature, and humidity matched rested conditions. Mice were placed in a large clear plastic container supplemented with clean bedding, littermates, food, water, climbing toys, and novel nesting materials (Vankov et al., 1995; Léger et al., 2009; Gompf et al., 2010) . Across trials, mice were continuously observed, and when mice were still or when the EEG (assessed in Sirt3 Ϫ/Ϫ and SirT3wt mice) showed largeramplitude slower waveforms, new climbing toys were introduced.
Serum corticosterone assay. Upon completion of Sh Wake, Ext Wake, or Rest conditions, a subset of mice (n ϭ 8 -14/group) was anesthetized with pentobarbital at ZT11. The thoracic cavity was opened, and 0.5 ml of blood was withdrawn from the left ventricle, spun immediately, and frozen. A commercial corticosterone enzyme immunoassay (K014-H1, Arbor Assays) was used according to manufacturer's specifications to measure serum corticosterone levels (in duplicate), using a microplate reader (Versamax, Molecular Devices).
Brain tissue procurement and mitochondrial isolation. Following Rest, Sh Wake, and Ext Wake conditions, mice designated for protein (n ϭ 5-20/group) or RNA studies (n ϭ 5-10/group) were anesthetized and transcardially perfused with ice-cold phosphobuffered saline solution with RNase inhibitor. Brains were rapidly removed and sectioned coronally for tissue punches (1 mm 3 ) of LC bilaterally and stored at Ϫ70°C. Mitochondria isolation and cytosolic fractionation were performed using a commercial mitochondria isolation kit (catalog #89801, Thermo Scientific) according to manufacturer's recommendations using dounce homogenization. Mitochondria-enriched samples were verified with a mitochondrial-specific protein, voltage-dependent anion channel 1 (VDAC1).
Protein assays. SOD2, catalase, SirT3, total lysine-acetylated protein, complex I acetylation, and peroxisome proliferator-activated receptorgamma coactivator 1 ␣ (PGC-1␣) levels in B6 and/or SirT3wt and SirT3 Ϫ/Ϫ mice across the wake conditions (n ϭ 5-20/group) were analyzed using our previously published Western blot protocol (Panossian et al., 2011) . Primary antibodies are listed in Table 1 ). Images were analyzed with Odyssey Application software, version 3.0.16 (LI-COR), for mean integrated densities that were normalized to ␤-tubulin, or VDAC1 and analyzed with one-or two-way ANOVA, Bonferroni corrected.
Quantitative real-time PCR. Quantitative real-time PCR was performed on LC punches to examine SirT3, catalase, and SOD2 transcriptional responses to short-term sleep loss in B6, SirT3 Ϫ/Ϫ , and SirT3wt mice (n ϭ 6 -10/group) using recently detailed methods (Panossian et al., 2011) . TaqMan primer/probe sets, designed using Primer Express 2.0.0 software, were as follows: SirT3, NM_022433 sense: GAGCCTTTTGC-CAGCTTGTCT, antisense: CATCCCCTAGCTGGACCACAT, probe: TGCCCCGACTGCTCATCAATCG; SOD2, NM_013671.3 sense: CAG CGAAGCCCCTGTTTATCT, antisense: GTCATCTCTGCCAAACTTG CAA, probe: CCGCCTGCCATGAGTACCATGGAC; and catalase, NM_ Immunohistochemistry. Mice were anesthetized with pentobarbital for transcardial perfusion with 4% paraformaldehyde; brains were harvested, cryoprotected, and sectioned coronally 40 m for 1:6 section series (Panossian et al., 2011) . Primary antibodies are detailed in Table 1 . Secondary donkey anti-mouse and anti-rabbit were conjugated with Alexa Fluor probes 488, 594, or 647 (Invitrogen). Imaging was performed using a Leica DM5500B microscope or SP5/AOBS confocal microscope. For confocal image acquisition, laser intensity, exposure time, detector gain, amplifier offset, and depth of the focal plane within the section were standardized across compared sections (Panossian et al., 2011) .
Dihydroethidine readily crosses the blood-brain barrier and enters neurons, where, in the presence of superoxide (O 2 Ϫ⅐ ) it converts to fluorescent dihydroethidium/ethidium (DHE; Andrews et al., 2005) .
Groups of B6, SirT3
Ϫ/Ϫ , and SirT3wt mice randomized to the three sleep conditions (n ϭ 5/group) were given 30 mg/kg dihydroethidine (Anaspec) intraperitoneally 3 h before termination of the sleep loss or rested conditions. Brains were procured and processed as above. LCns were labeled with anti-tyrosine hydroxylase (TH) detected with Alexa Fluor 488 and were imaged with a Leica SP-5 AOBS confocal microscope using excitation , 488 nm, and emission Ͼ 590 nm for DHE imaging (Hu et al., 2006) . Using a 1:6 series of midbrain and pontine sections/mouse, all TH labeled neurons within the LC were examined for DHE. Images were converted to 8 bit and analyzed for integrated density over LCns (ImageJ software), and analyzed with two-way ANOVA (genotype, sleep/wake condition). In addition to measuring integrated density, we analyzed the percentage of DHE ϩ TH neurons in the LC nuclei bilaterally for two sections per mouse (n ϭ 5-10/ group) using two-way ANOVA, as above.
LC sections in two separate 1:6 series (n ϭ 5, SirT3 Ϫ/Ϫ and SirT3wt) were double labeled for TH and one of the following: catalase, SirT3, nicotinamide phosphoribosyltransferase (NAMPT), FoxO3a, cleaved caspase-3 (CC3) for Sh Wake, Ext Wake, or Rest conditions. Catalase, SirT3, NAMPT, and FOXO-3a were analyzed as 8-bit gray ImageJ integrated densities for TH ϩ somata. The percentage of TH LCns with strong FoxO3a-or CC3-labeled nuclei was counted bilaterally for each section and averaged per mouse by a reader blinded to strain and sleep conditions. Data were analyzed with two-way ANOVA for sleep condition and genotype.
To examine the effects of Ext Wake and SirT3 on LC dendritic morphology in the rostromedial pericerulear dendritic zone, where TH neurites are predominantly LCn dendrites (Shipley et al., 1996) , a set of 1:6 LC 40 m coronal sections TH-labeled with alkaline phosphatase SG (Vector Laboratories) was imaged in Rest and Ext Wake SirT3wt and SirT3 Ϫ/Ϫ mice. Montage images of the rostromedial dendritic field bilaterally were obtained within 10 m across the z-axis (2 m guard zones) and digitized (DM 5500B, DFC425, Leica) and converted to binary images on ImageJ. A two-dimensional grid with 800 m 2 gradations was placed across the LC and dendrites medial to LCns (ImageJ software). Two scorers, blinded to conditions, measured the total area of dendrites medial to LCns throughout the rostral caudal nucleus as the area in which at least one dendrite transected opposites sides of a gradation. The number of dendrite segments spanning each gradation per LC section was also measured. Data were averaged for each mouse and then analyzed (n ϭ 5/group) using two-way ANOVA).
LCn stereological estimate. A separate set of SirT3wt and SirT3 Ϫ/Ϫ mice was randomized to Rest and Ext Wake conditions (n ϭ 5/group) for an estimation of total LCn counts. Perfusion and cryopreservation were performed, as above, and brains were sectioned at 60 m. A 1:2 rostralcaudal complete LC series of DAB-labeled TH neurons and Giemsastained sections was examined using a Nikon Eclipse 600 microscope and a Stereo Investigator workstation (MicroBrightField). An optical fractionator approach (West and Gundersen, 1990) was implemented to estimate the total number of LCns per mouse. Specifically, Giemsalabeled nuclei within either TH-labeled somata or non-TH-labeled somata Ͼ15 m in diameter within the LC nucleus that came into focus within the counting frame (probe) were counted using a 100ϫ oilobjective. A sampling scheme of 0.25 area sampling frequency with a thickness sampling frequency of 0.79 (allowing 2 m guard zones on either side) was used. In preliminary studies implementing wild-type rested mice, this strategy provided Ͼ200 counts/mouse and Gundersen coefficients of error Ͻ0.10. LCn counts were averaged across two counters and analyzed using two-way ANOVA for genotype and sleep condition. NAD ϩ measurements. Tissue NAD ϩ levels were measured using a modified version of the cycling assay described by Graeff and Lee (2002) . All reagents used in this assay were obtained from Sigma. Cortical tissue from SirT3wt and SirT3 Ϫ/Ϫ mice exposed to Rest or Ext Wake (n ϭ 10/group) was weighed (15-34 mg/sample), frozen in liquid nitrogen and homogenized in 0.6 M perchloric acid at 4°C. Cleared acid extracts were collected after pelleting insoluble material by centrifuging for 5 min at maximum speed at 4°C. Cortex (Ctx) acid extracts were diluted 1:400 in 100 mM phosphate buffer, pH 8.0. In 96-well plates, 4 l of NAD standards or of diluted tissue acid extracts were combined with 100 l of cycling reaction reagent consisting of 2% ethanol, 100 g/ml alcohol dehydrogenase, 10 g/ml diaphorase, 20 M resazurin, 10 M flavin mononucleotide, 10 mM nicotinamide, and 0.1% BSA in 100 mM phosphate buffer, pH 8.0. The cycling reaction proceeded for 20 -30 min while resorufin accumulation was measured every 5-10 min with excitation at 544 nM and the counting of emitted photons at 590 nM. Changes in emitted photon counts were compared with an NAD standard curve spanning the range from 62.5 nM NAD to 1000 nM NAD with linearity (r 2 ϭ 0.99). Data were normalized to tissue weights, and significance was tested by Student's t test.
Behavioral studies. Sleep propensity is objectively measured in humans using a multiple sleep latency test (MSLT) . A murine-adapted and validated MSLT (Veasey et al., 2004 ) was implemented to assess sleep latency for the lights-on period (ZT7-ZT9) and the lights-off period (ZT12-ZT14), using n ϭ 8 mice/group. Day and night tests were separated by 2 d. For each MSLT, mice were allowed four nap opportunities, one every 30 min, and the time from the beginning of the nap opportunity to the first period of sleep (Ͼ30 s) confirmed by EEG was used as the latency for that nap. For the 10 min period before each 20 min nap opportunity, mice were kept awake by introducing novel objects into the cage or brushing mice gently if they fell asleep in that 10 min interval. Novel objects were retrieved at the start of the nap opportunity. The average latencies across four naps per animal were averaged per group and analyzed with one-way ANOVA. Increased sleep propensity can also be marked as a slowing in waking theta frequencies from 7 to 10 Hz to 5-7 Hz (Vyazovskiy and Tobler, 2005) . We compared the percentages of theta power in the 5-7 and 7-10 Hz ranges in response to a clean cage across 5 min upon transfer to a clean cage (n ϭ 6/group) using one-way ANOVA, excluding mice with movement artifacts in the EEG signal. Total time spent in wakefulness per 24 h, NREMS per 24 h, and REMS per 24 h, and the bout lengths for each behavioral state averaged across the 24 h period were also measured and analyzed for genotype effects using one-way ANOVA with Bonferroni correction (n ϭ 8 -10/group).
LCn lesions impair NREM sleep homeostasis, as measured by a less steep decline in slow-wave EEG power in NREM sleep across the rest-predominant lights-on period and as the magnitude of slowwave EEG power rise after a 6 h sleep loss exposure in the lights-on period (Cirelli et al., 2005) . To assess NREMS homeostasis, mice were maintained awake (home cages) for 6 h (ZT1-ZT6) with EEG/EMG confirmation, followed by a 6 h recovery sleep. The relative delta (delta/total power for each hour normalized to the delta power/total power of the last hour of the lights-on period) was measured for the 12 h baseline lights-on period and the 6 h recovery after 6 h sleep loss, with each interval examined for frequency distribution of EEG waveforms/0.25 Hz bins (n ϭ 6 mice/group). Data were analyzed using two-way ANOVA for genotype and sleep condition.
Results

Divergent redox responses in the LC occur following Sh Wake and Ext Wake
In response to Sh Wake, SOD2 mRNA in LC increased (t ϭ 8.2, p Ͻ 0.01; Fig. 1A ), as did catalase mRNA (t ϭ 5.2, p Ͻ 0.01; Fig. 1B ). In contrast, in response to Ext Wake, antioxidant enzyme mRNA levels in LC were unchanged relative to rested conditions (SOD2, t ϭ 0.3; catalase, t ϭ 0.3, NS; Fig. 1 A, B) . Consequently, both SOD2 and catalase LC mRNA copy numbers were higher in Sh Wake than in Ext Wake (t ϭ 5.3, p Ͻ 0.01; and t ϭ 4.1, p Ͻ 0.01, respectively). Similar wake duration-dependent responses were observed for SOD2 and catalase protein, where LC micropunch SOD2 and catalase protein (normalized to ␤-tubulin and mean rested values) increased in Sh Wake (t ϭ 4.8, p Ͻ 0.01; and t ϭ 6.0, p Ͻ 0.01, respectively; Fig. 1C-E ), yet in response to Ext Wake neither SOD2 nor catalase changed (t ϭ 0.3, t ϭ 0.2, respectively; Fig.  1C -E). Antioxidant proteins were increased in LC tissue punches of Sh Wake mice, relative to Ext Wake mice, for both SOD2 (t ϭ 5.4, p Ͻ 0.01) and catalase (t ϭ 4.1, p Ͻ 0.05). Immunofluorescence was used to localize the catalase response within the LC nucleus across the sleep conditions. Under Rest and Sh Wake conditions, catalase labeling was prominent in LCns, particularly in LCn nuclei (Fig. 1 F, G) as Figure 1 . Redox responses in the LCns diverge in response to short-term and extended wakefulness. A, SOD2 mRNA copy numbers, normalized to 18S RNA copy number and to the Rest value. Shown are the mean Ϯ SE values for Rest (light gray), 3 h short-term sleep loss (Sh Wake, black), and sleep loss extended to 8 h/d for 3 consecutive days (Ext Wake, dark gray; n ϭ 6 -10/group). Lines denote significant differences across groups by one-way ANOVA, Bonferroni corrected. **p Ͻ 0.01. B, Catalase mRNA copy numbers, normalized and analyzed similarly for the same groups (n ϭ 6 -10/group). **p Ͻ 0.01. C, Representative LC protein immunoblots for SOD2, catalase, and corresponding ␤-tubulin for Rest, Sh Wake, and Ext Wake conditions. D, E, SOD2 (D) and catalase (E) LC protein responses across Rest, Sh Wake, and Ext Wake (n ϭ 8 -10/group), normalized to ␤-tubulin and mean rested condition value, analyzed with one-way ANOVA, Bonferroni corrected. *p Ͻ 0.05; **p Ͻ 0.01. F, Mean Ϯ SE integrated density of catalase immunofluorescent intensity within LCns across Rest, Sh Wake, and Ext Wake conditions (n ϭ 5/group). *p Ͻ 0.01. G, Representative confocal images at mid-LC. TH (red) delineates LCns. Catalase (green) is present largely in nuclei of LCns, particularly in response to Sh Wake. Scale bar, 25 m. H, Mid-LC nucleus confocal images (1 m) of autofluorescence (excitation and emission, 488 and Ͼ590 nm) from oxidized DHE for detection of O 2 Ϫ⅐ in representative LC sections from Rest, Sh Wake, and Ext Wake mice. Arrows highlight LCns with nuclear/nucleolar DHE-autofluorescent labeling. Scale bar, 25 m. I, Group DHE-integrated density (mean Ϯ SE) signal for LCns (n ϭ 5/group), one-way ANOVA. **p Ͻ 0.01.
well as in nearby medial and lateral parabrachial neurons and neurons within Barrington's nucleus (data not shown). LCn catalase immunoreactivity relative to Rest conditions was not different for either Sh Wake or Ext Wake mice, yet was higher in Sh Wake relative to Ext Wake LCns (t ϭ 4.7, p Ͻ 0.01). Thus, Sh Wake results in a robust increase in SOD2 and catalase in the LC that is not evident under conditions of Ext Wake.
In light of the discordant redox responses across Sh Wake and Ext Wake, we examined the effects of wake duration on O 2 Ϫ⅐ availability within LCns. There was no effect of Sh Wake, relative to Rest, on DHE signal intensity in LCn (t ϭ 0.8, NS; Fig. 1 H, I ). In contrast, O 2 Ϫ⅐ within LCn soma increased in mice exposed to Ext Wake, relative to Rest (t ϭ 7.4, p Ͻ 0.001) and increased within the LCn nuclei of Ext Wake mice [Rest, 1.5 Ϯ 0.1 inner diameter (i.d.) vs Ext Wake mice, 2.4 Ϯ 0.1 i.d.; t ϭ 6.1, p Ͻ 0.0001]. In summary, redox homeostasis is maintained in LCns across Sh Wake, while Ext Wake results in LCn oxidative stress.
Sh Wake and Ext Wake have minimal effects on plasma corticosterone levels
Corticosterone levels (B6, n ϭ 8 -14/group) were unchanged across groups, as summarized in Figure 2A . The dataset had 82% power to detect a difference of 50 ng/ml and 94% power to detect an increase of 100 ng/ml corticosterone relative to Rest. Thus, the paradigms used (Sh Wake and Ext Wake) are not associated with a significant increase in plasma corticosterone levels.
SirT3 responses in LC diverge with wake duration
Relative to Rest conditions, SirT3 mRNA copies increased in the LC nucleus in response to Sh Wake (t ϭ 5.3, p Ͻ 0.01; Fig. 2B ) and fell in mice exposed to Ext Wake (t ϭ 3.5, p Ͻ 0.05; Fig. 2B ). Consequently, LC SirT3 mRNA was much higher in Sh Wake than in Ext Wake mice (t ϭ 8.9, p Ͻ 0.001). A similar wake duration-dependent effect was observed for SirT3 protein. SirT3 protein in LC micropunches increased in response to Sh Wake (t ϭ 3.1, p Ͻ 0.05), yet was unchanged with Ext Wake, relative to Rest (t ϭ 1.8, NS), so that LC SirT3 protein was higher in Sh Wake relative to Ext Wake (t ϭ 5.6, p Ͻ 0.01; Fig. 2C,D) . To determine whether SirT3 responses observed in the LC nucleus varied within LCns, we examined SirT3 immunoreactivity in THlabeled LCns. SirT3 immunoreactivity increased in Sh Wake LCn relative to Rest (t ϭ 3.5, p Ͻ 0.01) and declined in Ext Wake LCns relative to both Rest (t ϭ 6.6, p Ͻ 0.001) and to Sh Wake (9.4, p Ͻ 0.001; Fig. 2 E, F ) .
To determine whether the reduced SirT3 protein translates into reduced Sirt3 activity in Ext Wake, we examined LC mitochondrial lysine acetylation as an index of SirT3 activity (He et al., 2012) . No differences in LC mitochondrial acetylation in SirT3wt mice were observed between Rest and Sh Wake conditions (t ϭ 0.02, NS; Fig. 3 A, B) . Mitochondrial acetylation in the LC of SirT3wt mice, however, was increased in Ext Wake relative to Rest (t ϭ 3.5, p Ͻ 0.01) and to Sh Wake (t ϭ 3.4, p Ͻ 0.01), while cytoplasmic acetylation was unchanged (t ϭ 0.4 -1.0, NS) across all comparisons (Fig. 3 A, C) . While both mitochondrial and cytosolic isolates showed a prominent band at 53-56 kDa, only mitochondrial isolates showed a second band SirT3 responses in LC vary with sleep loss duration, while corticosterone is not affected. A, Plasma corticosterone levels at ZT11 in mice exposed to Rest, Sh Wake, and Ext Wake conditions (n ϭ 8 -14/group). No significant differences were observed with one-way ANOVA despite 94% statistical power to detect an increase of 100 ng/ml. B, Mean Ϯ SE LC SirT3 mRNA copies, normalized to 18S RNA and mean Rest values for Rest, Sh Wake, and Ext Wake conditions (n ϭ 8 -10/group) were analyzed with one-way ANONA, Bonferroni corrected. Bars highlight group differences: *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. C, LC SirT3 protein for Rest, Sh Wake, and Ext Wake conditions (n ϭ 8 -10/group) normalized to ␤-tubulin and mean Rest values are presented as mean Ϯ SE. Data were analyzed with one-way ANOVA: *p Ͻ 0.05; **p Ͻ 0.01. D, Representative Western blots for LC SirT3 across the three conditions and loading control. E, Representative LC images across wake conditions (Rest, Sh Wake, and Ext Wake) showing SirT3 (green) alone in the top and SirT3 (green) with tyrosine hydroxylase (red) delineating LCns in the bottom. Scale bar, 25 m. F, Summary data, mean Ϯ SE, for SirT3 confocal integrated densities in LCns (n ϭ 5/group). **p Ͻ 0.01; ***p Ͻ 0.001.
at 46 -49 kDa. Mitochondrial ETC protein complex I acetylation did not vary between Rest and Sh Wake (t ϭ 2.5, NS), yet increased in Ext Wake relative to Rest (t ϭ 4.0, p Ͻ 0.01; Fig.  3D ). To determine whether the Ext Wake LC mitochondrial protein acetylation responses observed occurred independent of Sirt3, we examined LC mitochondrial and cytosolic protein acetylation responses to Ext Wake in the SirT3 Ϫ/Ϫ mice. LC mitochondrial protein acetylation did not increase in response to Ext Wake in SirT3 Ϫ/Ϫ mice (t ϭ 0.2, NS; Fig. 3F ) . A second prominent band at 46 -49 kDa was evident in all Rest and Ext wake SirT3 Ϫ/Ϫ mice. As with SirT3wt mice, cytoplasmic protein acetylation did not change in response to Ext Wake (t ϭ 0.3, NS). We next explored whether the mitochondrial protein acetylation response to Ext Wake is specific to the LC or whether this also occurs in the frontal Ctx, examining both SirT3wt and SirT3 Ϫ/Ϫ mice. As observed with the LC, mitochondrial lysine acetylation in the Ctx increased significantly in response to Ext Wake, relative to Rest (t ϭ 2.9, p Ͻ 0.05) and to Sh Wake (t ϭ 2.6, p Ͻ 0.05; Fig. 3 I, J ) . In mitochondrial isolates of the Ctx, prominent bands occurred at the same kilodalton level as in the LC, but also showed acetylation of proteins of smaller molecular weights in all mice exposed to Ext wake and a few mice exposed to Sh wake (Fig. 3I ) . As observed in the LC, there was no effect of Ext Wake on mitochondrial lysine acetylation in Ctx punches from SirT3 Ϫ/Ϫ mice (t ϭ 0.2, NS; Fig. 3 I, K ) . Thus, sleep loss results in duration-and SirT3-dependent mitochondrial lysine acetylation responses in both the LC and Ctx.
Reduced SirT3 activity could be explained by reduced SirT3 protein, but also by reduced levels of NAD ϩ . Thus, we next examined whether the rate-limiting enzyme for NAD ϩ synthesis for sirtuins, NAMPT, also changed in response to sleep loss. We found that NAMPT immunoreactivity in LCns increased in Sh Wake, relative to both Rest (t ϭ 3.1, p Ͻ 0.05) and Ext Wake (t ϭ 3.3, p Ͻ 0.05; Figs. 4 A, B) . We then measured actual NAD ϩ levels in cortical tissue, where tissue was sufficiently abundant and where a similar acetylation response to Ext Wake was observed as in the LC. Surprisingly, in SirT3wt mice, cortical NAD ϩ increased in response to Ext Wake, relative to Rest (t ϭ 5.8, p Ͻ 0.01; Fig. 4C ), and was far higher in Rest SirT3
Ϫ/Ϫ mice than in Rest SirT3wt mice (t ϭ 7.3, p Ͻ 0.001). NAD ϩ levels did not change in SirT3 Ϫ/Ϫ mice in response to Ext Wake (t ϭ 1.8, NS). Thus, mitochondrial protein acetylation in response to Ext Wake, is most likely attributable to the loss of SirT3 activity rather than a reduction in total NAD ϩ , and SirT3 deficiency is associated with marked increases in total NAD ϩ . Figure 3 . Mitochondrial lysine acetylation varies with wake duration and SirT3. A, Representative immunoblots of LC lysineacetylated proteins and loading controls (VDAC1 and tubulin) in mitochondrial (mito) and cytoplasmic (cyto) enriched samples from SirT3wt mice exposed to Rest (R), Sh Wake (Sh), and Ext Wake (Ext) conditions. B, Summary data (mean Ϯ SE) integrated densities for LC mitochondrial isolate-acetylated protein normalized to VDAC1 for the three conditions in SirT3wt LC samples (n ϭ 20/group). One-way ANOVA identified significant differences. **p Ͻ 0.01. C, Mean Ϯ SE integrated densities for LC cytoplasmic isolate-acetylated protein normalized to ␤-tubulin for the same conditions (n ϭ 20/group). D, Representative Western blots of SirT3wt LC mitochondrial isolate acetyl-lysine on immunoprecipitate of complex I proteins (left) and complex I protein loading controls used in normalization (right). E, Mean Ϯ SE normalized integrated densities for acetyl (Ac)-lysine (Lys) on complex I immunoprecipitates from mitochondria across the three wake conditions (n ϭ 10/group). **p Ͻ 0.01. F, Representative immunoblots of LC lysine-acetylated proteins and loading controls (VDAC1 and tubulin) in mitochondrial (mito) and cytoplasmic (cyto) enriched samples from SirT3 Ϫ/Ϫ mice exposed to Rest and Ext Wake (Ext) conditions. G, Mean Ϯ SE integrated densities for SirT3 Ϫ/Ϫ LC mitochondrial isolate-acetylated protein normalized to VDAC1 for the two conditions (n ϭ 20/group), with nonsignificant differences across wake conditions. H, Mean Ϯ SE integrated densities for SirT3 Ϫ/Ϫ LC cytoplasmic isolate-acetylated protein normalized to ␤-tubulin for the same conditions (n ϭ 20/group). I, Immunoblot examples for Ctx lysine-acetylated proteins and loading control (VDAC1) in mito samples in SirT3wt (left) and SirT3 Ϫ/Ϫ (right) mice exposed to Rest, Sh Wake (Sh), and Ext Wake (Ext) conditions. J, K, Summary (mean Ϯ SE) normalized integrated densities for LC mitochondrial isolate-acetylated protein normalized to VDAC1 for SirT3wt (J ) and SirT3 Ϫ/Ϫ (K ) mice, analyzed with one-way ANOVA. *p Ͻ 0.05.
The redox response to Sh Wake requires SirT3
We next sought to determine whether SirT3 was essential for the antioxidant response to Sh Wake and whether loss of SirT3 would increase O 2 Ϫ⅐ in LCn upon exposure to Sh Wake. All SirT3 Ϫ/Ϫ and SirT3wt mice maintained wakefulness across Ͼ95% of the Sh Wake exposure. Across Rest conditions, SOD2 mRNA copy numbers (n ϭ 6 -8/group) did not vary with SirT3 genotype (t ϭ 1.1, NS; Fig.  5A ). As with B6 mice above, SirT3wt mice exposed to Sh Wake showed increased LC SOD2 mRNA, relative to Rest (t ϭ 4.1, p Ͻ 0.01), and increased catalase mRNA (t ϭ 4.1, p Ͻ 0.01; Fig. 5B ). In contrast, in SirT3 Ϫ/Ϫ mice, SOD2 and catalase mRNA did not increase in response to Sh Wake (SOD2, t ϭ 0.05; catalase, t ϭ 0.7; NS). SirT3wt mice had increased LC SOD2 protein in Sh Wake relative to Rest (t ϭ 2.7, p Ͻ 0.05; Fig. 5C,D) . In contrast, SirT3 Ϫ/Ϫ mice showed no difference in LC SOD2 protein between Rest and Sh Wake (t ϭ 1.8, NS). Thus, SirT3 has a minimal effect on basal antioxidant enzyme levels but is essential for the LC antioxidant responses to Sh Wake.
We then examined the role of SirT3 in the O 2 Ϫ⅐ response to Sh Wake in LCns. The LCn DHE signal did not differ with SirT3 genotype across Rest conditions (t ϭ 1.1, NS), and, as with B6 mice, SirT3wt mice did not show a difference in O 2 Ϫ⅐ between Rest and Sh Wake conditions (t ϭ 0.03, NS; Fig. 5E-G) . There was no genotype effect in the percentage of LCns with DHE labeling for Rest conditions (t ϭ 1.1, NS; Fig. 5F ), and there was no increase in the percentage of DHE-labeled LCns in SirT3wt mice from rested to short-term sleep loss conditions (t ϭ 0.9, NS). There was, however, a large increase in the percentage of DHE-positive LCns in SirT3 Ϫ/Ϫ mice from Rest to Sh Wake (t ϭ 10.9, p Ͻ 0.0001), and there was a large increase in the percentage of DHE-positive LCns in SirT3 Ϫ/Ϫ sleep loss compared with that in SirT3wt mice with 3 h of wakefulness (t ϭ 6.9, p Ͻ 0.0001). Similarly, SirT3 Ϫ/Ϫ mice showed increased O 2 Ϫ⅐ signal intensity in LCns in Sh Wake relative to Rest mice (t ϭ 4.4, p Ͻ 0.001), and the O 2 Ϫ⅐ signal response to Sh Wake in SirT3 Ϫ/Ϫ mice, then, was significantly higher than in SirT3wt mice (t ϭ 2.9, p Ͻ 0.05). Thus, in response to Sh Wake, SirT3 is essential for the maintenance of redox homeostasis in LCns.
SirT3 deficiency reduces nuclear FoxO3 and prevents upregulation of PGC-1␣ in Sh Wake
SirT3 is predominantly a mitochondrial protein; thus, the dependency on SirT3 for the increased SOD2 and catalase mRNA observed in response to Sh Wake implies a mitochondria-tonucleus communication. SirT3 has been shown to activate Foxo3a under conditions of physiological stress (Sundaresan et al., 2009; Tseng et al., 2013), and transcription of both SOD2 and catalase are dependent upon Foxo3a activation and nuclear translocation (Kops et al., 2002) . Thus, we next examined whether Foxo3a in LCns translocates to LCn nuclei in response to Sh Wake and Ext Wake, and whether this response requires SirT3. The percentage of LCns with strong nuclear FoxO3a labeling did not increase with Sh Wake (t ϭ 3.3, NS) or with Ext Wake (t ϭ 0.2, NS; Fig. 6 A, B) . For rested conditions, there was no genotype effect on the percentage of nuclear Fox3a in LCns (t ϭ 1.8, NS) or for Ext Wake (t ϭ 3.8, NS). In contrast, under conditions of Sh Wake, there was a strong genotype effect on the percentage of FoxO3a-labeled LCn nuclei (t ϭ 7.4, p Ͻ 0.001). Similarly, in SirT3wt mice, the nuclear Foxo3a signal increased in Sh Wake mice relative to Rest mice (t ϭ 3.6, p Ͻ 0.05) and was increased in SirT3wt Sh Wake relative to SirT3 Ϫ/Ϫ Sh Wake mice (t ϭ 9.0, p Ͻ 0.0001; Fig. 6A-C) . In contrast, Sh Wake did not influence nuclear Foxo3a in SirT3 Ϫ/Ϫ mice. Neither SirT3
nor SirT3wt mice showed a Foxo3a response to Ext Wake. The capacity of Foxo3a to regulate antioxidant genes is dependent upon PGC-1␣ (Olmos et al., 2009 ). Therefore, we measured PGC-1␣ protein in LC punches across the three wake conditions and two genotypes, again finding an upregulation in Sh Wake dependent on SirT3. Specifically, in SirT3wt mice, PGC-1␣ increased in the LC in response to Sh Wake (t ϭ 3.1, p Ͻ 0.05), but not in response to Ext Wake (t ϭ 0.2, NS; Fig. 6 D, E) , while in Figure 4 . NAMPT in LCn and cortical NAD ϩ vary with wake duration. A, Representative confocal images within the LC nucleus across wake conditions. Top shows NAMPT only (green), and bottom shows NAMPT (green) in tyrosine hydroxylase (red)-labeled LCns, where the signal is predominantly nuclear. Scale bar, 50 m. B, Mean Ϯ SE NAMPT-integrated densities within LCns normalized to background (n ϭ 5/group), analyzed with one-way ANOVA. *p Ͻ 0.05. C, NAD ϩ levels in cortical tissue were measured across Rest and Ext Wake conditions using a modified cycling assay in both SirT3wt and SirT3 Ϫ/Ϫ mice. Rest (light gray) and Ext Wake (dark gray) are presented as the mean Ϯ SE for SirT3wt and SirT3 Ϫ/Ϫ mice (n ϭ 10/group). Data were analyzed with two-way ANOVA: **p Ͻ 0.01; ***p Ͻ 0.001; ****p Ͻ 0.0001.
SirT3
Ϫ/Ϫ mice, PGC-1␣ was unchanged in both Sh Wake (t ϭ 0.8, NS) and in Ext Wake (t ϭ 0.8, NS). Consequently, LC PGC-1␣ was higher in SirT3wt mice than in SirT3 Ϫ/Ϫ mice under conditions of Sh Wake (t ϭ 3.5, p Ͻ 0.05). In summary, in response to Sh Wake, SirT3 is essential for the maintenance of LC nuclear Foxo3a and for upregulation of PGC-1␣ in the LC.
Ext Wake promotes LCn dendritic pruning, neurodegeneration, and apoptosis
In light of the reduced SirT3 level in Ext Wake, we next explored whether Ext Wake injures LCns by examining LCn dendrite area, neuron counts, and caspase-3 activation. There was a pronounced genotype effect on the LCn dendritic field across Rest conditions, in that SirT3wt mice showed far greater dendritic segments than SirT3 Ϫ/Ϫ mice (t ϭ 7.4, p Ͻ 0.0001; Fig. 7A,B) . In SirT3wt mice, LCn dendritic segments were reduced in Ext Wake, relative to Rest (t ϭ 6.6, p Ͻ 0.001; Fig. 7A,B) . In SirT3 Ϫ/Ϫ mice, there was no further reduction in dendritic segments with Ext Wake (t ϭ 1.7, NS). Ext Wake did, however, influence dendritic morphology in that dendrites in SirT3
Ϫ/Ϫ mice exposed to Ext Wake evidence pronounced beading and vacuolization, as illustrated in Figure 7A . Qualitatively, TH labeling of LCns appeared equally strong across all four groups.
For stereological counts, LCns were identified in seven to eight sections/mouse. Across mice, the number of sampling sites varied from 369 to 637, and the total number of markers counted per mouse varied from 115 to 353. Very few non-TH-labeled neurons (0 -4 neurons per mouse) with diameters Ͼ15 m were identified within the LC nucleus in any of the groups. In all mice, the Gundersen coefficient of error was Ͻ0.10 and averaged 0.08 for each group. Effects of Ext Wake on total (bilateral, complete nucleus) LCn cell counts were remarkably similar to those observed for LCn dendritic fields. Specifically, SirT3wt mice exposed to Ext Wake, relative to Rest, showed reduced LCn counts (t ϭ 5.1, p Ͻ 0.05; Fig. 7C ).
Across Rest conditions, SirT3
Ϫ/Ϫ mice had fewer LCns than SirT3wt mice (t ϭ 6.9, p Ͻ 0.001) and showed no reduction in LCn count in response to Ext Wake (1.6, NS). Nuclear CC3 in LCns increased in SirT3wt mice in Ext Wake (t ϭ 5.6, p Ͻ 0.01). In contrast, SirT3
Ϫ/Ϫ mice did not show an increase in LCn CC3 in response to Ext Wake, relative to Rest (t ϭ 3.0, NS; Fig.  7D,E) . Thus, Ext Wake imparts significant injury including neuronal loss and activation of caspase-3 in LCns in wild-type mice, while mice lacking SirT3 evidence a baseline reduction in LCns and dendrites, and develop marked dendritic dystrophy upon Ext Wake.
Absence of SirT3 impairs wakefulness, LC c-fos activation response to novel environment, and sleep homeostasis
There were overall genotype and time-oftest effects on the mean sleep latencies in the MSLT ( p Ͻ 0.001). In SirT3wt mice, sleep latency was increased in the lightsoff period relative to the lights-on test period (t ϭ 3.4, p Ͻ 0.05; Fig. 8A ). In contrast, SirT3 Ϫ/Ϫ mice did not show a longer sleep latency for the lights-off period (t ϭ 0.7, NS). There was no effect of genotype for the lights-on MSLT (t ϭ 1.4, NS); a genotype effect, however, was observed for the lights-off MSLT (t ϭ 4.3, p Ͻ 0.01). Thus, SirT3
Ϫ/Ϫ mice show objective sleepiness in the lights-off (active) period.
A second measure of wakefulness is theta frequency in response to environmental change, where higher-frequency theta waveforms are anticipated. SirT3wt mice showed increased fast theta, relative to 5-7 Hz theta (t ϭ 5.8, p Ͻ 0.01), while SirT3 Ϫ/Ϫ mice showed a balance of slow and fast theta waveforms (t ϭ 2.6, NS). Relative to SirT3wt mice, SirT3 Ϫ/Ϫ mice showed a higher percentage of theta power at the slower theta frequencies (5-7 Hz; 54 Ϯ 3% vs 40 Ϯ 1%; t ϭ 4.1, p Ͻ 0.01) and less relative theta power for higher frequencies (7-10 Hz; 45 Ϯ 3 vs 59 Ϯ 5; t ϭ 4.2, p Ͻ 0.01; Fig. 8B ). Thus, mice deficient in SirT3 have impaired theta responses to an environmental change.
There were no genotype differences in either mean 24 h sleep/ wake times or mean bout lengths, as summarized in Figure 8 , C and D. Specifically, total wake time per 24 h period and average wake bout length did not differ across SirT3
Ϫ/Ϫ and SirT3wt
Figure 5. SirT3 is essential for the Sh Wake antioxidant response and redox homeostasis in LCns. A, Mean Ϯ SE LC SOD2 mRNA copies, normalized to 18S RNA for Rest (gray) and Sh Wake (black) conditions in SirT3wt and SirT3 Ϫ/Ϫ mice (n ϭ 8 -10/group). Data were analyzed with two-way ANOVA, Bonferroni corrected: *p Ͻ 0.05; **p Ͻ 0.01. B, Mean Ϯ SE LC catalase mRNA copies, normalized to 18S RNA for Rest (gray) and Sh Wake (black) conditions in SirT3wt and SirT3 Ϫ/Ϫ mice (n ϭ 8 -10/group). **p Ͻ 0.01. C, LC SOD2 protein for Rest (gray) and Sh Wake (black) conditions in SirT3wt and SirT3 Ϫ/Ϫ mice (n ϭ 8 -10/group). **p Ͻ 0.01. D, Typical LC nucleus immunoblots for SOD2 and loading control tubulin for SirT3wt and SirT3 Ϫ/Ϫ mice across Rest and Sh Wake (Sh) conditions. E, Confocal images of DHE autofluorescence in SirT3wt and SirT3 Ϫ/Ϫ mice across Rest and Sh Wake conditions. Scale bar, 25 m. Arrows highlight nuclei/nucleolar ox-DHE labeling. F, Mean Ϯ SE percentages of LCns with DHE labeling for SirT3wt and SirT3 Ϫ/Ϫ mice across Rest and Sh Wake conditions (n ϭ 10/group). Data were analyzed with two-way ANOVA. ****p Ͻ 0.0001. G, Scattergrams of individual data for confocal autofluorescence integrated density over LCns across the four groups (n ϭ 10/group) with mean and 95% confidence interval bars. Data were analyzed with two-way ANOVA; bars delineate *p Ͻ 0.05. mice (t ϭ 0.2, NS). Similarly, wake bout lengths did not vary with genotype (t ϭ 1.9, NS), and there was no genotype effect on NREM and REM sleep times (t ϭ 1.3, NS; and t ϭ 0.2, NS, respectively). Similarly, there were no differences in NREM and REM sleep bout lengths (t ϭ 1.1, NS; and t ϭ 0.0, NS, respectively). Thus, SirT3 deficiency does not alter basic sleep/wake architecture, as defined by total times and mean bout lengths.
NREM sleep homeostasis defined as an increase in NREMS slow-wave (delta) power is impaired in mice with LCn injury or dysfunction (Cirelli et al., 2005) . Genotype mean hourly relative delta power values across baseline sleep in the lights-on period and in response to 6 h of sleep loss are presented in Figure 8E . SirT3 Ϫ/Ϫ mice showed a less pronounced NREMS delta decline across the lights-on period (SirT3wt slope, Ϫ0.033 Ϯ 0.003 vs SirT3
Ϫ/Ϫ slope, Ϫ0.012 Ϯ 0.003; t ϭ 4.9, p Ͻ 0.001). Relative delta power was significantly higher in SirT3wt mice for ZT1-ZT3 and ZT5, for which statistical t values were 2.9 -3.9 ( p Ͻ
0.05). In SirT3
Ϫ/Ϫ mice relative to SirT3wt mice, there were also reductions in the relative delta power for the first 2 h of recovery NREM sleep after 6 h of wakefulness, with t values of 2.3-3.1 (p Ͻ 0.05). Thus, SirT3 deficiency is associated with NREMS delta decline in baseline sleep and a blunted NREMS delta response to sleep loss consistent with LC dysfunction effects on sleep homeostasis.
Both sleep/wake conditions and SirT3 genotype had significant effects on nuclear c-fos in LCns. Specifically, SirT3wt mice demonstrated a robust increase in the percentage of LCns with nuclear c-fos in response to the novel environment (t ϭ 9.0, p Ͻ 0.001; Fig. 8F,G) . A response was also observed in SirT3 Ϫ/Ϫ mice in response to the novel environment (t ϭ 3.0, p Ͻ 0.05), but the overall c-fos activation was far lower in SirT3 Ϫ/Ϫ mice compared with SirT3wt mice exposed to the novel environment (t ϭ 6.9 p Ͻ 0.001). In contrast, under Rest conditions there were no differences in c-fos activation (t ϭ 0.6, NS). In summary, SirT3
Ϫ/Ϫ mice demonstrate an impaired c-fos activation response to a novel environment. . SirT3 is essential for LCn nuclear FoxO3a and upregulation of PGC-1␣ in response to Sh Wake. A, Mid-LC confocal images of TH ϩ (red) LCns with FoxO3a (green) across three sleep conditions. FOX03a is evident in nuclei and somata of LCns. B, Mean Ϯ SE percentage of TH ϩ LCns with nuclear FoxO3a. Data were analyzed by two-way ANOVA. ***p Ͻ 0.001. C, Mean Ϯ SE integrated intensity of the nuclear FoxO3a signal in LCns (n ϭ 5 mice/group), analyzed similarly. **p Ͻ 0.01, ****p Ͻ 0.0001. D, Mean Ϯ SE normalized PGC-1␣ immunointensities for the groups (n ϭ 6 -9/group). *p Ͻ 0.05. E, Immunoblots of PGC-1␣ and loading control ␤-tubulin in LC micropunches from SirT3wt and SirT3 Ϫ/Ϫ mice across the three sleep conditions.
Discussion
Impaired cognitive performance following sleep loss is widely believed to occur as a consequence of increased adenosinergic and cytokine signaling that fully reverses with recovery sleep (Ingiosi et al., 2013) . The concept that neurons succumb to oxidative stress upon sleep loss has been tested, primarily, in heterogeneous populations of neurons within the frontal or hippocampal cortices or the entire brainstem, and in aggregate brain tissue injury has not been identified (Gopalakrishnan et al., 2004) . The present studies were designed to test the following hypotheses: (1) that wakefulness is a significant metabolic stressor to select wakeactivated neurons, in particular LCns; (2) that across short-term sleep loss, mitochondrial sirtuin activation protects LCn metabolic homeostasis; and (3) that upon longer durations of wakefulness this protective response fails, resulting in injury to and loss of LCns. Injury to LCns negatively impacts diverse aspects of cognitive processing and brain health (Usher et al., 1999; Sara, 2009 ). LCns provide the sole noradrenergic innervation for cerebral, cerebellar, and hippocampal cortices (Pickel et al., 1974; Morrison et al., 1978) . Delivered primarily through varicosities, cortical noradrenaline from LCns not only promotes increased neuronal activity, but coordinates increased energy production in adjacent astrocytes and reduced microglial inflammatory responses (O'Donnell et al., 2012) . Injury to LCns accelerates neurodegeneration in animal models of Alzheimer's and Parkinson's diseases (Nishi et al., 1991; Marien et al., 1993; Rey et al., 2012) . In the present study, we found that Ext Wake resulted in a loss of LCns and strong nuclear labeling of cleaved caspase in a subset of the remaining LCns. Thus, Ext Wake results in substantive LCn injury. While it is difficult to discern whether the loss of LCns and injury of this magnitude are sufficient to result in cognitive impairments, we propose that repeated occurrences of Ext Wake (as is commonly observed in night shift workers) could result in a cumulative loss of LCns that would be sufficient to influence cognition and neurodegenerative processes, in predisposed individuals, as changes in SirT3, FoxO3a, and O 2 Ϫ⅐ were evident in the majority of remaining LCns in Ext Wake. Ϫ/Ϫ mice exposed to Ext Wake reveal prominent beading of dendrites with vacuolization. B, Mean Ϯ SE group data (n ϭ 5/group) for dendrite complexity in Rest and Ext Wake for SirT3wt and SirT3 Ϫ/Ϫ mice analyzed by two-way ANOVA. ***p Ͻ 0.001; ****p Ͻ 0.0001. C, Stereological LCn estimates (bilateral) using optical fractionator for complete LC bilaterally. Data were analyzed with two-way ANOVA (n ϭ 5/group). *p Ͻ 0.05; **p Ͻ 0.01. D, Representative confocal image (0.7 m) to localize CC3 (green) within the nuclei of LCns (TH, red). Arrows delineate examples of CC3 labeling within nuclei. Scale bar, 50 m. E, Mean Ϯ SE group data (n ϭ 5/group) for CC3 in Rest (gray) and Ext Wake (black) conditions for SirT3wt and Ϫ/Ϫ mice also analyzed with two-way ANOVA. **p Ͻ 0.01.
We anticipated that mice lacking SirT3 would show an even greater loss of LCns in response to Ext Wake. At baseline, however, these mice revealed a 30% loss of LCns, a smaller dendritic field, and minimal c-fos activation across wakefulness. Thus, LCns in mice lacking SirT3 may have reduced metabolic demands across wakefulness, relative to wild-type mice. Alternatively, susceptible LCns may have been lost in SirT3 Ϫ/Ϫ mice before Ext Wake. In response to Ext Wake, SirT3 Ϫ/Ϫ mice did display marked neurite beading with vacuolization. Neurite dystrophy, including beading, is observed in diverse neuronal injuries, including ischemia, Alzheimer's disease, Parkinson's disease, and amyotrophic lateral sclerosis, and is considered to Ϫ/Ϫ (black) as analyzed with two-way ANOVA. *p Ͻ 0.05; **p Ͻ 0.01. B, Shown are mean Ϯ SE relative theta power in slower and faster frequencies: 5-7 Hz (gray bars) and 7-10 Hz (black bars), respectively, in response to cage change for SirT3wt and SirT3 Ϫ/Ϫ mice; two-way ANOVA. *p Ͻ 0.05; **p Ͻ 0.01. C, Total time per 24 h spent in the Wake, NREMS, and REMS conditions for SirT3wt (gray) and SirT3 Ϫ/Ϫ (black). Two-way ANOVA, NS. D, Average time for each behavioral state bout (minutes) across 24 h for Wake, NREMS, and REMS conditions for SirT3wt (gray) and SirT3 Ϫ/Ϫ (black), NS E, Group (meanϮSE) relative NREMS delta power for each zeitgeber hour across the lights-on period normalized to the delta power of the last hour of the lights-on period for SirT3wt (blue closed circles) and SirT3 Ϫ/Ϫ mice (red closed squares). The NREM sleep homeostatic responses to 6 h wake are shown for SirT3 Ϫ/Ϫ mice (open red squares) and SirT3wt mice (open blue circles) for the first 6 h of rebound sleep: *p Ͻ 0.05, Bonferroni-corrected differences across baseline;°p Ͻ 0.05, for differences across recovery sleep. F, Summary data for the percentage of TH ϩ neurons in LC nucleus with nuclear c-fos labeling for conditions Rest (light gray) and Sh Wake (black) in both SirT3wt and SirT3
Ϫ/Ϫ mice. Data were analyzed with two-way ANOVA. ***p Ͻ 0.001. G, Representative images of c-fos in the LC. Shown are confocal images 1 m thick to delineate nuclear labeling of c-fos (red) within TH (green)-labeled LCns.
contribute to neuronal demise (McMurray, 2000) . In a model of excitotoxicity, the severity of neuritic beading predicts neuronal loss (Takeuchi et al., 2005) . A longer observational period may be necessary to appreciate Ext Wake-induced neuronal loss in SirT3 Ϫ/Ϫ mice. Sleep deprivation is an important tool with which to gain insight into the functions and neurobiology of sleep, but this approach can also be a source of stress in laboratory animals, where stress may confound the interpretation of results. Placing animals atop small platforms from which they fall upon sleeping can increase plasma corticosterone levels twofold (Machado et al., 2013) , as can repeatedly tapping on cages and brushing quiescent animals within their own cage (Tobler et al., 1983) . In the present study, efforts were made to minimize stress by allowing mice spontaneous wakefulness in an enriched environment equipped with climbing objects, novel nesting materials, and littermates. Overall, we observed no significant increase in plasma corticosterone levels for either Sh or Ext Wake. Moreover, plasma levels in Ext Wake tended to be lower than those in Sh Wake, and yet injury was observed only in mice exposed to Ext Wake. Thus, it is unlikely that the sleep loss injury effects observed in LCns can be attributed to stress.
Remarkably, we observed that endogenous SirT3 is essential for maintaining redox homeostasis in LCns across a period of just several hours of wakefulness within the habitual sleeping period. The necessity of SirT3 to maintain redox homeostasis supports the concept that short-term sleep loss is a metabolic stressor for LCns, and that mitochondria contribute to the homeostatic response to sleep loss. By upregulating FoxO3a, PGC-1␣, and antioxidant enzymes, this homeostatic response is expected to render LCns more resistant to metabolic disturbances. The mechanisms by which SirT3 results in increased FoxO3a, PGC-1␣, SOD2, and catalase levels are not known. The nuclear translocation of FoxO3a and transcriptional upregulation of antioxidant enzymes support a SirT3-regulated mitochondriato-nucleus communication in response to Sh Wake. An alternative explanation for SirT3-mediated changes in protein levels may involve effects on protein stability where deacetylation promotes ubiquitination and, thus, protein clearance (Caron et al., 2005) . Mitochondrially localized SirT3, however, should not affect catalase, NAMPT, or PGC-1␣ stability, and cytosolic protein acetylation was not changed in response to Sh Wake. Thus, a more likely source of Sh Wake antioxidants is SirT3-dependent Foxo3a activation and/or upregulation of PGC-1␣.
While it may be surprising that 3 h of wakefulness would require an antioxidant response to offset oxidative stress, it is important to remember that LCns, and other wake-active neurons, have great metabolic demands across wakefulness. Noradrenergic LCns demonstrate continuous activity throughout wakefulness, particularly exploratory wakefulness. In support, nuclear c-fos translocation, an index marker of neuronal activity, is increased markedly in LCns of rats exposed to a novel environment (Gompf et al., 2010) , as was observed in our SirT3wt mice. In NREM sleep, LC activity declines significantly, and LCn activity approaches complete quiescence in REM sleep (Takahashi et al., 2010) . Increased synaptic activity in wakefulness and increased synthesis, packaging, and transport of large amounts of noradrenaline and cotransmitters to cortices require increased ATP production all along neurites, which, in turn, will increase O 2 Ϫ⅐ production at the ETC (Léna et al., 2005) . There is some recent evidence that, upon heightened LCn stimulation, as observed with higher-frequency optogenetic stimulation of the LCns, LCn output fails, as measured by cortical noradrenaline (Carter et al., 2010) . Metabolic dyshomeostasis in LCns upon massive or prolonged stimulation is an intriguing possibility for the reduced noradrenaline output despite continued activation. We propose that sleep serves a vital function for LCns, and potentially other neuronal groups, in restoring mitochondrial metabolic homeostasis following wakefulness, thereby allowing normal function across normal periods of wakefulness.
In contrast to the robust SirT3 upregulation and metabolic homeostasis observed in response to Sh Wake in wild-type mice, under conditions of Ext Wake, LCn SirT3 declined, while mitochondrial protein acetylation increased in the LC in SirT3wt mice. Mechanisms underlying the decline in SirT3 protein upon Ext Wake remain elusive. Downregulation of SirT3 protein can occur through oxidative stress-mediated transcriptional repression (D'Aquila et al., 2012) . Oxidative stress in aging is believed to contribute to the reduced SirT3 activity underlying age-related hearing loss (Someya et al., 2010) . The increased mitochondrial acetylation observed, including complex I acetylation, in Ext Wake is expected to impact negatively on both energy supply and redox homeostasis . Thus, while Sh Wake may render LCns more resistant to added oxidative insults, Ext Wake may increase the susceptibility of LCns to additional oxidative stressors. In support, we observed reduced SOD2, catalase, and nuclear FoxO3a, and increased O 2 Ϫ⅐ levels in LCns in mice exposed to Ext Wake.
A surprising finding in the present study was the threefold increase in cortical cellular NAD ϩ in response to Ext Wake. Increased NAD ϩ could be explained by increased production and/or reduced consumption of NAD ϩ . The rate-limiting enzyme for the NAD ϩ salvage synthesis pathway is NAMPT. Ext Wake reduced NAMPT protein levels in LCns. Thus, intracellular NAD ϩ biosynthesis does not appear to be increased in Ext Wake, although we cannot rule out an increase in the extracellular generation of nicotinamide mononucleotide, which could also contribute to intracellular NAD ϩ pools. Although sirtuins consume NAD ϩ , the major consumers of cytoplasmic NAD ϩ are considered to be poly(ADP)-ribosyl polymerases (PARPs) and cADPribose synthases (CD38, CD157). In metabolically active cells, a substantial fraction of cellular NAD ϩ is in mitochondria (Di Lisa and Ziegler, 2001) , which contain neither PARPs nor major cADP-ribose synthases. SirT3, therefore, may be a primary consumer of mitochondrial NAD ϩ . In support of a SIRT3 influence on NAD ϩ levels, mice lacking SIRT3 had higher NAD ϩ levels at baseline (equivalent to wild-type mice exposed to extended sleep loss), and levels of NAD ϩ did not increase further with Ext Wake in SIRT3
Ϫ/Ϫ mice. The divergence in SirT3 responses for Sh and Ext Wake observed in the present study may help explain previously observed, seemingly disparate, metabolic responses to sleep loss in other brain regions. Specifically, upregulation of SirT3 as observed in Sh Wake is expected to promote increased SOD, glutathione, and glutathione peroxidase activities, as previously observed in response to short-term sleep loss (Ramanathan et al., 2010) . Similarly, the decreased ATP production, reduced SOD and glutathione peroxidase activities, lower reduced glutathione/oxidized glutathione ratio, and increased malondialdehyde levels in whole brain, cortex, and/or hippocampus previously observed upon long-term sleep deprivation (Silva et al., 2004; Khadrawy et al., 2011) would be expected from reduced SirT3 activity Qiu et al., 2010) , as we observed in Ext Wake. In the present study, we observed an increase in mitochondrial acetylation, also in the cortex in response to Ext Wake, supporting the concept that wake duration-dependent changes in SirT3 activity may ex-plain the divergent metabolic responses within the brain to shortterm and longer-term sleep loss.
Mice lacking SirT3 demonstrate shortened sleep latencies in the lights-off (active) period, and in response to novel environments SirT3 Ϫ/Ϫ mice evidence slower theta EEG frequencies and reduced LCn c-fos activation. The blunted homeostatic drive after short-term sleep loss and the impaired c-fos response in LCns to a novel cage are consistent with LCn dysfunction (Cirelli et al., 2005; Carter et al., 2010) , supporting a key role for mitochondrial metabolic activities in basal LCn function, while the impaired wakefulness in these mice supports the concept that mitochondrial disorders and mitochondrial dysfunction with aging may contribute to wake impairments and fatigue associated with these conditions.
In conclusion, we find that brief wakefulness activates a mitochondrial response in LCns, including increased SirT3 levels, nuclear translocation of FoxO3a, and upregulation of antioxidant enzymes in LCns, with a resultant maintenance of mitochondrial metabolic homeostasis. This metabolic homeostasis requires SirT3. In contrast, with repeated extended durations of sleep loss, SirT3 activity declines, increasing LCn superoxide production, and LC mitochondrial protein acetylation, including acetylation of ETC complex I. Importantly, Ext Wake is associated with a loss of LCns that occurs, at least in part, through apoptosis. The work shows, for the first time, that extended sleep loss is a metabolic stressor to LCns and that extended wakefulness can result in LCn loss.
